A 2-year-old mixed breed goat was presented for a 1-day history of anorexia and 1 week of weight loss. Serum biochemistry disclosed severe azotemia. Abdominal ultrasound examination showed decreased renal corticomedullary distinction, poor visualization of the renal pelves, and dilated ureters. On necropsy, the kidneys were small, the pelves were dilated, and the medulla was partially effaced by variably sized yellow nephroliths. Histologically, cortical and medullary tubules were distended by yellow-brown, multilayered crystals. Stone composition was 100% xanthine. Exonic sequencing of xanthine dehydrogenase (XDH) and molybdenum cofactor sul- Grossly, the kidneys were moderately small, pale, firm and gritty. The renal pelves were severely dilated by variably-sized, gravel-like, yellow nephroliths. Numerous fine, granular, yellow nephroliths were embedded within the markedly atrophied medulla (Figure 1 ). Additional unrelated Abbreviations: MOCOS, molybdenum cofactor sulfurase; RI, reference interval; XDH, xanthine dehydrogenase.
| CASE DESCRIPTION
A 2-year-old, female, Boer mix goat was presented for a 1-day history of anorexia and 1 week of severe weight loss. The doe's diet consisted of coastal hay and pasture supplemented with unspecified commercial goat pellets. The doe historically was reported to be smaller than the remaining herd mates. On physical examination, the doe was dull, unable to stand and emaciated. Rectal temperature was 97.0 F, heart rate was 70 bpm, and respiration was 20 rpm. The oral mucous membranes were tacky and pale. Assessment of the mucous membranes yielded a score of 5 using the FAMACHA system, 1 which is used to clinically assess anemia To determine the identity of the nephroliths, samples were evaluated by infrared spectroscopy by the Minnesota Urolith Center and identified as 100% xanthine. The primary etiologies of xanthine urolithiasis reported in other species, such as humans and dogs, are genetic inborn errors of metabolism (hereditary xanthinuria) or treatment with a xanthine oxidase inhibitor (iatrogenic xanthinuria). [2] [3] [4] In the absence of a history of xanthine oxidase inhibitor use, it was suspected that xanthine nephrolithiasis in this case was caused by hereditary xanthinuria. To test this hypothesis, genomic DNA was extracted from the liver using a commercial kit (Gentra Puregene Blood Kit; Qiagen Sciences, Germantown, Maryland). n/a n/a n/a and type of amino acid change to predict pathogenicity, (2) PROVEAN, 7 which also uses an alignment-based approach, and (3) MutPred2, 8, 9 a tool that uses a random forest model to predict effects on protein structure and function and to infer pathogenicity. Two of the missense variants were predicted to be pathogenic ( for the MOCOS 303 residue, and 94 species had either glutamic acid (n = 88) or aspartic acid (n = 6). These amino acids have similar properties: they are the only 2 amino acids with an acidic side chain. The 3 species that differed were the Mallard duck (alanine) and 2 fish (coelacanth and spotted gar; proline in both). Glycine, the variant present in the affected goat, is a neutral amino acid and was not the reference amino acid in any species.
We also assessed for interspecies variation at the XDH and MOCOS residues using variant sources available in Ensembl for humans and 5 nonhuman species (cow, horse, mouse, pig, and dog); 12,13 goat variant databases were evaluated separately as described below. To further assess the potential pathogenicity of all variants detected in the case goat, we determined their prevalence in other goats. The sire and dam were not available for testing, but blood was collected from healthy herd mates (n = 7, mixed breed goats) and livers were collected from goats submitted for necropsy for various causes (n = 12). Breeds for the necropsy submission goats included Boer (n = 4), Nubian (1), and mixed breed (7) . Diagnoses included trauma, sepsis, pneumonia, mastitis, cardiac septal defect, and jejunal torsion; no goat had uroliths or a crystal nephropathy. These 2 groups, totaling 19 goats, were considered controls because of the absence of clinical signs and, in the case of the necropsy submission goats, lack of pathologic evidence of urinary tract disease. Genomic DNA was extracted and genotyped for the 17 variants to determine allele frequencies in the group of 19 control goats (Table 1) .
Primer sequences used for genotyping are provided in Supplementary In contrast, the other XDH and MOCOS variants were common (allele frequencies of 0.32-1.00).
The variant allele frequencies also were determined in goats available through the NextGen and VarGoats projects databases. The NextGen data (195 goats) was accessed through Ensembl, and the VarGoats data (248 goats) was acquired through a direct request to the VarGoats project. These projects combined contain whole-genome sequencing data from 443 goats from multiple continents. Phenotypes for these goats were not available. The databases were screened for the 17 XDH
and MOCOS coding variants present in the case goat ( Table 1 ). The XDH 
| DISCUSSION
Xanthine is a by-product of the purine degradation pathway. In this pathway, hypoxanthine and xanthine are metabolized to uric acid. This reaction is catalyzed by xanthine dehydrogenase (XDH). Molybdenum cofactor sulfurase (MOCOS) is necessary for XDH activity; it transfers sulfur to the molybdenum cofactor of XDH. Loss of function of either enzyme results in increased urine concentrations of xanthine (xanthinuria). 3 Causes for xanthinuria include drugs that inhibit XDH, leading to iatrogenic xanthinuria, or an inborn metabolic disorder, resulting in hereditary xanthinuria. [2] [3] [4] Hereditary xanthinuria is classified into subtypes based on the gene harboring the mutation; mutations within XDH result in xanthinuria type I (OMIM #278330) and mutations in MOCOS result in xanthinuria type II (OMIM #603592). These 2 subtypes of xanthinuria are clinically indistinguishable.
3 Xanthine urolithiasis is rare in domestic species and in humans. 4, 14 Iatrogenic xanthine uroliths have been reported in dogs treated with allopurinol, an XDH inhibitor. 4 Xanthinuria also is reported to occur in sheep in association with a nutritional deficiency. Specifically, a study on sheep with xanthine calculi concluded that low dietary molybdenum could be causative because of molybdenum's role in purine metabolism. 15 Hereditary xanthinuria has been reported in cats (OMIA 001283-9685), [16] [17] [18] [19] dogs (OMIA 001283-9615), [20] [21] [22] [23] [24] [25] [26] and cattle (OMIA 001819-9913). [27] [28] [29] In some reports, the genetic basis was established by sequencing; 26, 27, 29 in other cases, a primary cause was presumed after eliminating a history of XDH inhibitor use. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] 28 Similar to the goat in our study, many of the other domestic species with hereditary xanthinuria had severe disease characterized by a juvenile or young adult onset, nephrolithiasis, and renal pathology. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Urolithiasis is frequently observed in goats and often associated with diet. The most common urolith types in goats are calcium carbonate, magnesium calcium phosphate carbonate, silica, and struvite. 30, 31 Of 526 caprine uroliths analyzed by the Minnesota Urolith
Center during a 27-year time period, only 1 had a purine composition. 31 The type of purine was not reported in the article, but personal communication with the Minnesota Urolith Center confirmed that this sample was a xanthine urolith from a pygmy goat. Although xanthine uroliths rarely are reported, they could be underdiagnosed in the goat population if advanced diagnostic testing or necropsy is not pursued.
The goat in our study was determined to have 2 putative disease- In conclusion, we report a case of xanthine urolithiasis and severe crystal nephropathy in a goat. Based on the absence of historical xanthine oxidase inhibitor treatment, the goat was presumed to have hered- 
